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1  Introduction 


Alameda  Applied  Sciences  Corporation  was  awarded  this  TORP  to  develop  and 
implement  a  Laser  Wavefront  Analyzer  (LWA)  to  measure  z-pinch  initial  gas  density  profiles 
suitable  for  Decade  Quad.  A  probe  laser  beam  passes  through  a  gas  jet,  which  distorts  the  laser 
wavefronts.  The  instrument  (LWA)  measures  such  wavefront  distortions  which  are  in  the  range 
of  -A/50.  We  have  designed,  constructed  and  validated  our  prototype  LWA.  Gas  densities, 
produced  by  using  DQ  gas  puff  hardware,  have  been  measured.  This  report  summarizes  our 
results. 

2  Design,  fabrication  and  test  of  the  LWA 

The  LWA  instrumentation  consisted  of  two  systems.  One  is  a  short  pulse,  large  diameter 
laser  beam  and  the  other  is  the  sensor  for  laser  wavefront  analysis.  Fig.  1  shows  the  arrangement 
of  the  laser  system.  The  Nd:YAG  laser  delivers  a  few  mJ,  ~5  ns  pulse  at  532nm  wavelength.  The 
laser  beam  was  focused  by  a  50  cm  focal  length  lens  through  a  ~100  pm  diameter  pinhole  and 
expanded  to  ~10  cm  in  diameter  by  a  combination  of  negative  and  positive  focal  length  lenses. 


mirror 


f=50  cm 


Fig.  1:  Schematic  of  the  laser  source,  which  produces  a  ~5ns,  ~10  cm  diameter  uniform  and 
collimated  beam. 
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Fig.  2  shows  the  detection  scheme  for  the  laser  wavefront.  Two  lenses  image  the  gas  puff 
on  to  the  microlens  array  with  a  demagnification  of  3:1 .  The  collimated  laser  beam  passes  through 
the  microlens  array,  which  produces  an  array  of  bright  spots.  The  focal  position  of  each  spot 
depends  on  the  incident  wave  surface  orientation.  The  positions  of  these  focal  spots  are  recorded 
by  using  a  CCD  camera.  The  principles  of  the  LWA  follow. 


lens 
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puff 


lens 
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filter 
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array  camera 


Fig.2:  Schematic  drawing  of  the  LWA  detection  system. 

When  an  incident,  laser  beam  traverses  the  gas  (or  plasma),  it  suffers  refraction. 
Refraction  by  atoms  (or  electrons)  tilts  the  beam  by  an  angle  9  and  shifts  the  phase  by  d>. 

Measurement  of  9  (or  <E>)  gives  the  gas  (or  electron)  density  along  the  chord  traversed  by  the 
laser.  For  argon  gas,  the  phase  shift  <£  and  the  refractive  angular  deviation  9  of  the  probe  laser 

beam  are  described  by, 


<X>  =  6.53  x  10  15  A-1  (A)  | n(cm-3)  dl(cm )  rad 

(1) 

0  =  1 .04  x  10"23  —  [  n(cm-3 )  dl(cm)  rad 

dxJ 

(2) 

where  x  is  the  distance  from  the  axis  and  X  is  the  laser  wavelength. 

Using  the  Shack-Hartmann  method, [1,2]  which  is  a  widely  used  technique  for  the 
measurement  of  wavefront  distortions  in  optical  beams  and  adaptive  optics,  the  phase  shifts  of 

the  laser  beam  are  derived.  Figure  3  shows  how  the  tilt  at  each  sampled  point  is  established, 
where  9  is  the  angle  tilt  of  the  beamlet.  Let  the  wavefront  of  the  distorted  probe  beam  (after 

passing  through  the  z-pinch  plasma)  be  described  as  W(x),  where  x  is  the  coordinate  of  some 
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point  x  in  the  transverse  plane  of  the  un-distorted  part  of  the  probe  beam.  When  the  displaced 

wavefront  is  focused  on  the  test  plane,  the  distorted  wavefront  W(x)  gives  the  displaced 
wavefront  error  at  the  point  x+8x.  The  relation  between  the  wavefront  distortion  W(x)  and  the  x 

component  8x  pf  the  ray  deviation  in  the  focal  plane  can  be  derived  with  sufficient  accuracy  using 
the  following  approximation: 

dW_8x 

dx  d  U 

where  d  is  the  separation  between  the  micro  lens  array  and  the  recording  plane.  Integrating  Eq.  4, 
we  obtain 


W{x)  =  -\^8xdx 


If  the  wavefront  deviation  W  is  written  in  wavelengths  by  defining  H=W/A,,  we  have, 


H{x)  =  — \  Sxdx 
*o 


Since  the  function  Sx  is  sampled  only  at  discrete  points  such  as  the  micro-lens  array,  the 
integration  will  be  performed  by  using  the  trapezoidal  rule,  yielding 

TT  1  v«  8xn_ ,  +  8xn  .  ... 

Hn  =  — -  >  — - “■  Ax  .  (6) 

where  Axn.i  is  the  separation  between  the  points  n  and  n-1  (i.e.  the  micro  lens  pixels).  For 
constant  Ax,  we  have 

<7> 


Similarly, 


1  M  M~l 

M  dX  2  h 


v' fyn-\ +  &yn  U  ]A 

»= 2  Z  Z  J 


These  expressions  give  the  wavefront  deviation  at  any  Nth  point  from  some  reference 
point  N=l.  There  are  also  other  methods  to  calculate  the  wavefront  surface  with  reliable  results. 
In  most  cases  the  trapezoidal  rule  is  sufficient. 
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Fig.  3:  Probe  laser  beam  passing  through  the  gas  puff  undergoes  changes  in  its  propagation 
direction  due  to  the  atom  density  gradient. 

With  the  help  of  Prof.  M.  Roggemann  (our  consultant),  we  selected  a  65x65,  0.4  mm 
lenslet  diameter,  54  mm  focal  length  microlens  array  for  the  gas  puff  density  measurements.  A 
2000x3000  pixel  monochrome  CCD  camera  was  used  to  detect  the  position  of  the  microlens  focal 
spots.  An  example  of  the  resulting  image  from  the  CCD  camera  is  shown  in  Fig.  4. 
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Fig.  4:  The  focal  spots  of  the  65x65  microlens  array  captured  by  a  CCD  camera.  The  phase  shifts 
can  be  derived  from  the  positions  of  the  microlens  array  focal  points. 


In  the  presence  of  a  gas  puff,  the  focal  positions  of  the  micro-lenses  will  change.  By 
taking  images  with  and  without  the  gas  puff,  these  position  changes  of  the  focal  points  can  be 
measured.  The  change  in  position  is  directly  proportional  to  the  tilt  angle  at  each  sample  point. 
Note  per  Eq.  1  that  the  tilt  angle  is  a  function  of  the  chordal  integral  of  the  density  spatial 
gradient.  To  derive  the  density  itself,  the  data  must  be  Abel  inverted.  Fortunately,  that  inversion 
uses  the  density  gradient,  hence  the  raw  tilt  data  do  not  need  to  be  numerically  differentiated  and 
can  be  directly  used  in  the  inversion.  Thus,  we  can  derive  the  laser  wavefront  surface  and  the  gas 
density  profile.  Figure  5  shows  the  difference  of  the  corresponding  focal  spot  positions  in  two 
consecutive  laser  pulses.  The  two  laser  pulses  were  several  seconds  apart.  There  is  a  constant 
base  line  shift  of  ~0.9  pixels  due  to  the  vibration  of  the  vacuum  chamber  and/or  optical  tables, 
where  the  LWA  was  mounted.  The  sample  to  sample  variation,  about  0.1  pixels,  is  a  measure  of 
the  system  noise  and  thus  defines  the  instrument’s  sensitivity.  Figure  6  shows  the  differences  of 
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the  corresponding  focal  spot  positions  when  the  incoming  laser  wavefront  was  changed  from  a 
plane  wave  to  a  wave  with  radius  of  curvature  of  18  meters.  Data  like  this  establish  the 
calibration  factor  of  the  LWA,  relating  measured  focal  spot  position  changes  to  wavefront  tilt. 

As  shown  in  Figs.  5  and  6,  the  typical  uncertainty  of  the  position  detection  is  about  ±0.1 
pixel.  For  a  54  mm  focal  length  microlens  array  and  9  pm  pixel  size,  this  gives  an  angular 

resolution  of  ~17  prads  or  —  [ n(cm-3)  dl(cm)  ~  1.6  x  10I8cm~3.  With  an  optical  image  system  of 

dxJ 

3:1  demagnification,  the  effective  sensitivity  is  0.3 x — |  n(cm'3)  d7(cra)  =  5x  10n  cm'3. 

dx J 

Recalling  that  air  density  at  one  atmosphere  is  1019  cm'3,  the  0.1  pixel  “noise”  observed  here  is 
probably  due  to  minor  variations  in  the  2  meter  long  air  column  covered  by  the  laser  beam  from 
the  source  to  the  detection.  That  is,  our  observed  sensitivity  is  limited  in  these  experiments  by  air 
density  variations  (for  example,  air  currents  and  lab  sound  noise)  in  the  2  x  1021  cm"2  chordal 
integral  of  ambient  air. 
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Fig.  5:  The  difference  of  the  corresponding  focal  spot  positions  in  two  consecutive  laser  pulses, 
which  was  several  seconds  apart.  The  ~0.9  pixel  base  line  shift  is  caused  by  the  vibration 
of  the  system  and  the  0.1  pixel  variation  is  due  to  the  ambient  air  variation. 
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Fig.  6:  The  differences  of  the  corresponding  focal  spot  positions  when  the  incoming  laser 
wavefront  was  changed  from  a  plane  wave  to  a  wave  with  radius  of  curvature  of  18 
meters. 

The  laser  pulse  width,  ~5  ns,  is  short  compared  to  the  gas  flow  time  of  >100  gs.  Each 
LWA  image  maps  the  radial  and  axial  gas  profile  at  a  particular  time  during  the  gas  flow.  For  the 
experiments  reported  here,  we  used  “recessed”  and  “non-recessed”  “aerodynamic”  nozzles, 
which  have  been  used  in  our  recent  Double-Eagle  Argon  gas  puff  experiments.  Figs.  7  and  8  are 
the  schematic  drawings  of  these  two  nozzles.  The  diameter  of  the  inner  throat  is  4  cm  and  the 
outer  8.7  cm.  The  difference  between  these  two  nozzles  is  that  the  “non-recessed”  nozzle 
produces  two  “distinguished”  shell-like  gas  jets  near  the  nozzle  exit,  while  these  two  shell  gas  jets 
are  merged  as  in  the  case  of  the  “recessed”  nozzle. 
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Fig.  7:  Schematic  drawing  of  the  “recessed” 

Fig.  8:  Schematic  drawing  of  the  “non-recessed” 

nozzle. 

nozzle. 

In  the  Double  Eagle  experiments,  the  A r  K-shell  x-ray  yield  using  recessed  nozzle  is  much 
high  than  that  of  non-recessed  one.  Using  the  AASC  4-channel  Fiber  Optic  Interferometer  (FOI), 
we  have  extensively  characterized  the  gas  puff  flow  produced  from  the  “recessed”  nozzle.  The 
gas  flow  at  three  axial  locations  was  scanned  by  FOI,  providing  a  complete  space  and  time  map 
of  the  gas  density.  Fig.  9  shows  one  of  the  samples  of  the  gas  profile  measured  by  FOI  as  a 
function  of  radius  and  time  at  z=5  mm  downstream  of  the  nozzle.  The  nozzle  plenum  pressures 


for  the  inner  and  outer  argon  gas  shells  were  the  same,  24.7  psia.  A  rise  time  of  —140  ps  is 
observed. 


Fig.  9:  FOI  measured  density  as  a  function  of  time  and  radius  at  z=0.5  cm  downstream.  Titan- 

style  recessed  aerodynamic  nozzle  was  used  to  produce  the  gas  jet. 

The  “recessed”  nozzle  produces  gas  jets,  which  are  merged  to  each  other.  The  gas  density 
gradient  is  small  compared  to  that  produced  by  the  “non-recessed”  nozzle.  Since  the  LWA 
measures  the  gradient  of  the  density-length  product,  signal/noise  ratio  is  very  poor  in  the  case  of 
the  recessed  nozzle  even  at  100  psia  nozzle  plenum  pressures.  Therefore,  for  this  first  evaluation 
of  the  LWA  as  a  gas  profile  probe,  a  non-recessed  nozzle  was  used  with  the  pressure  in  the 
nozzle  plenums  set  at  100  psia  to  increase  the  signal/noise  ratio.  Fig.  10  shows  the  LWA 
measured  gas  density  profile  at  t=400  ps  after  gas  started  to  flow.  The  nozzle  plenum  pressures 
for  the  inner  and  outer  argon  gas  shells  were  same.  Shell  structures  of  the  gas  puff  are  clearly 
visible.  However,  beyond  1  cm  from  the  nozzle,  the  signal/noise  starts  getting  poor.  As  shown  in 
Fig.  10,  the  density-length  product  due  to  the  gas  puff  is  about  1018  cm'2.  Recalling  that  the  air 
density-length  product  along  the  laser  path  was  on  the  order  of  1021  cm'2,  0.1%  perturbations  in 
the  laser  air  path  could  make  large  uncertainties.  In  the  case  of  the  LWA  measurements,  the 
pressure  in  the  nozzle  plenum  was  about  4  times  high  than  that  in  the  FOI  measurement.  Thus,  a 
factor  of  ~4  times  of  the  peak  density  between  the  two  measurements  is  expected.  But,  our 
measurements  suggest  that  the  peak  pressure  difference  is  only  about  a  factor  2.  This  could  be 
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caused  by  not  full  opening  of  the  gas  valve  at  -100  psia  pressures.  The  agreement  between  the 
two  techniques  is  fair.  Clearly,  the  noise  level  of  the  LWA  needs  to  be  reduced  to  achieve  higher 
quality  results. 


Further  improvements  of  the  LWA  sensitivity  can  be  made  by  placing  the  system  in  vacuum  to 
reduce  the  air  density- length  product  along  the  laser  path  by  a  factor  of  100  or  higher. 
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Fig.  10:  Measured  gas  density  (atoms  cm'3)  profile  at  t=400  ps  after  the  starting  of  the  gas  puff 
flow  by  using  LWA. 

3.  Summary  and  conclusions 

We  have  developed  a  LWA  suitable  for  gas  puff  density  profile  measurements.  The 
advantage  of  the  LWA  is  that  the  gas  density  profile  can  be  obtained  within  one  or  few  shots. 
However,  in  the  present  LWA  configuration,  the  air  density-length  product  (-1021  cm'2)  along  the 
line  of  sight  is  much  higher  than  that  of  gas  puff  (-1018  cm'2).  Variations  in  the  air  column  limit 


10 


the  present  setup  to  a  sensitivity  of  —  Jn(an  3 )  dl(cm)  ~  5  x  1017 cm  3  .  We  have  observed  in 

FOI  measurements  that  the  time  scale  of  the  air  turbulence  is  on  the  order  of  1  ms.  The  effects  of 
the  air  turbulence  can  be  minimized  to  a  factor  of  =10  when  the  reference  image  is  taken  within 
=500  ps  of  the  gas  measurement  image  by  using  two  laser  probe  beams  and/or  by  putting  the 
LWA  in  a  vacuum  to  reduce  the  air  density-length  product.  With  these  improvements,  the 
position  uncertainty  of  the  microlens  focal  spots  can  be  reduced  from  the  present  0.1  pixel  to 
0.01  pixels.  Using  a  3  fold  increase  (to  10:1)  image  demagnification  system,  the  LWA  sensitivity, 
-~jn(cm~3)dl(cm),  could  be  improved  to  =1016  cm'3,  which  is  close  to  the  requirement  for  a 

reasonable  characterization  of  the  DQ  gas  puff  hardware. 
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